New Li-based hydrides have been prepared under GPa-order by using a cubic-anvil-type apparatus. Novel compounds in Li-Zr and Li-Hf systems were obtained at 973 K under 5 GPa. For Li-Zr system, a novel compound has a primitive cubic structure with a ¼ 0:42188ð3Þ nm. The compound was thermally stable up to 723 K under Ar flow. For Li-Hf system, two novel compounds were successfully synthesized. Crystal structures of these compounds were found to be a primitive cubic (a ¼ 0:4209ð2Þ nm) and a body centered cubic (a ¼ 1:08369ð4Þ nm). A structural model of the new compounds with the body-centered cubic structure was found to be an Ag 8 Ca 3 -type structure. The novel compound with a primitive cubic structure was thermally stable up to 723 K, but the compound with the body centered cubic structure was decomposed at 600 K with an endothermic reaction.
Introduction
Li and Li-based hydrides are good candidates for hydrogen storage materials because of high hydrogen density. For example, complex hydrides, such as LiAlH 4 and LiBH 4 , have high hydrogen content. However, since the Li-based hydrogen storage materials usually have relatively high working temperatures (more than 573 K for LiBH 4 ) and lower kinetic for emission of hydrogen, further improvements for their performance are required for hydrogen storage media applications. One of approaches to solve these problems is thermodynamically destabilization of Li-hydrides by using combining the other hydrides. For example, LiBH 4 combined with MgH 2 is destabilized thermodynamically, and dehydrogenation temperature lowered than that of LiBH 4 .
1) Another approach is exploring novel hydride with high hydrogen content. High-pressure synthesis is used to explore new compounds, and this method is very effective to explore novel hydrides. Up to now, more than 20 hydrides in AE-X and systems (AE ¼ Mg and Ca, X ¼ TM or RE; TM = transition metal, RE = rare earth), such as Mg 2 LiH y , 2) MgTM 2 H y (TM ¼ Zr, Nb, Hf) 3 10 11) have been synthesized by using the anvil type apparatus in our previous works.
As is well known, alkaline metals such as Li posses high compressibility of atomic radii. 12) This means that atomic ratio of lithium to components would change under the pressure of GPa-order, as a result stability of crystal structure will change. Therefore, novel compounds is expected to be synthesized. Moreover, melting point of lithium hydride is theoretically estimated to increase about 200 K under 5 GPa. 13) This allows solid-state reaction at higher temperature under the pressure of GPa order than that of ambient pressure. In Li-(Ti, Zr, Hf) system, no hydrides have been reported. It seems to be possible to obtain new Li-(Ti, Zr, Hf) hydrides by high-pressure method due to the merits as mentioned above. Ti, Zr, and Hf form their dihydrides and their stabilities are relatively lower than that of lithium hydride. Therefore, novel Li-(Ti, Zr, Hf) hydrides are expected to have higher ratio of hydrogen to metal (H/M) and lower stabilities than that of lithium hydride.
The purpose of this study is to explore a new hydride of the Li-Ti, Li-Zr and Li-Hf systems by using the anvil-type apparatus and to investigate the crystal structure, thermal stability and hydrogen content of the newly found hydrides.
Experimental Procedures
Raw materials were LiH (95 mass%, the major impurity was metallic Li), and TMH 2 (hydrogenate metal TM of 99.9 mass% purity, TM ¼ Ti, Ar and Hf). The powders were mixed at nominal composition and pressed into pellets and put into BN or Mo containers. NaCl container was used in synthesis with hydrogen source. High pressure hydrogen was generated by thermal decomposition of an internal hydrogen source (NaBH 4 + Ca (OH) 2 ). The NaCl container was expected to work as a gas-sealer and electrical insulator. Samples were heated with or without hydrogen source at 973-1073 K for 2-8 h under a high pressure up to GPa order range and then quenched. Phase identification was performed by powder X-ray diffraction (XRD) using Cu-Ka radiation. Then, lattice parameters were refined by CELL program. Thermal stability was investigated using a differential scanning calorimeter (DSC) under Ar-gas flow. The hydrogen content was measured by means of fusion extraction analysis (LECO). Figure 1 shows XRD patterns of LiH-33 mol%TiH 2 prepared at 1073 K for 2 h under 5 GPa with or without hydrogen source. Only TiH 2 phase was observed for the * Graduate Student, Tohoku University. Present address: GS Yuasa corporation sample prepared without hydrogen source, and TiN and LiH phases were observed for the sample synthesized with hydrogen source. The TiN phase is a reactant of TiH 2 with BN container. As a result, it is found that LiH did not react with TiH 2 under the condition used in this study. Figure 2 shows XRD patterns of LiH-12.5 mol%ZrH 2 prepared in Mo cell and LiH-33 mol%ZrH 2 treated in BN cell. Both the samples were treated at 973 K for 2 h under 5 GPa. For the sample of x ¼ 12:5, unreacted ZrH y phase and an unidentified phase were observed. On the other hand, for the x ¼ 33:3, unreacted ZrH y phase, ZrN phase and unidentified phase which is the same diffraction pattern obtined in the x ¼ 12:5 were observed. ZrN phase is a reactant of ZrH y with BN container. It should be noted that the peak of Li-related phase could not be observed since lithium has a low atomic scattering factor. This unidentified phase was obtained from both samples prepared in Mo and BN cell. Therefore, this unidentified phase would be not a reactant of Li or Zr with Mo or BN but a novel compound in Li-Zr system. Synthesis condition to obtain the new compound as a single phase, however, could not be determined in this study.
Results and Discussion
A crystal structure of the novel compound was investigated. Using indexing program TREOR, 14) a primitive cubic structure was suggested from the peak positions of the new compound and its lattice constants were refined to be a ¼ 0:42188ð3Þ nm. The most applicable space group is suggested to be Pm-3m (No. 221) from the result of miller indexing. The chemical composition was not determined in this study since it is difficult to identify the Li-rich phase by XRD due to low atomic scattering factor of lithium. Thus neither a structural model nor atomic positions were refined. Further investigation was required.
Novel hydrides in Li-Hf system were investigated. unidentified phase was found to be a primitive cubic structure from its peak positions and the lattice constant was refined to be a ¼ 0:4209ð2Þ nm. For the sample of x ¼ 25, HfH y , HfN, the primitive cubic phase and another unidentified peaks were observed. Another unidentified phase was indexed as a body centered cubic from the peak positions and its lattice constant was refined to be a ¼ 1:08369ð4Þ nm. For the sample of x ¼ 12:5, primitive cubic phase and body centered cubic phase are obtained. Unidentified phases obtained in LiHf systems might contain nitrogen, since HfN phase was observed in the sample. Then samples were synthesized in Mo cell to investigate whether unidentified phases contain nitrogen or not. Figure 4 shows XRD patterns of LiH-12.5 mol%HfH 2 prepared at 973 K for 2 h under 5 GPa with hydrogen source in Mo and BN cells. For the sample prepared in Mo cell, the primitive cubic phase and the body centered cubic phase were obtained. There is no difference of present phase between both samples. Therefore, the unidentified phases were novel hydrides in Li-Hf system. Two novel hydrides were synthesized in Li-Hf systems. The primitive cubic phase could not be obtained as a single phase in this study, and the relative intensity was not strong enough to determine its chemical composition, and the structure. However, compared with the novel compounds in Li-Zr system, diffraction patterns were similar to each other and lattice constant of novel Li-Hf compound is little smaller than that of Li-Zr system because atomic radius of Hf is smaller than that of Zr. The primitive cubic phases synthesized in Li-Zr, Li-Hf systems seem to have a same crystal structural model.
Although the body centered cubic phase was not obtained as a single phase, relative intensity seems to be strong enough to investigate its structural model. The structural model of body centered cubic phase was investigated by using the program FOX. 15) As a result, the structural model was predicted to be an Ag 8 Ca 3 -type structure, space group Im-3m (No. 229). Figure 5 shows XRD pattern of LiH-12.5 mol%HfH 2 prepared at 973 K for 2 h under 5 GPa with hydrogen source in Mo cell and calculated pattern of the Ag 8 Ca 3 -type structure. Table 1 shows atomic positions of the novel Li-Hf compound. The simulation pattern has good agreement with the observation. Figure 6 shows crystal structure of novel Li-Hf compound with an Ag 8 Ca 3 -type structure. Thermal stabilities of the novel compounds in Li-Zr and Li-Hf systems were investigated by DSC measurement. DSC measurement was carried out up to 723 K under Ar flow. In Li-Zr system, decomposition of the novel compound was not observed under the condition used in this study, and the primitive cubic phase was found to be stable up to 723 K. On the other hand, decomposition of the novel compounds was observed in Li-Hf system. Figure 7 shows DSC curve of LiH-12.5 mol%HfH 2 prepared at 973 K for 2 h under 5 GPa with hydrogen source in Mo cell measured up to 723 K under Ar flow. An endothermic peak was observed at 600 K. Table 1 The structure data of the novel Li-Hf hydride used for simulation in Fig. 5 . with hydrogen source before and after the DSC measurement. For the sample after the DSC measurement, the diffraction pattern of the body centered cubic phase disappeared, and HfH y , primitive cubic phase were observed. The sample used in DSC measurement was composed of not only the novel hydride but also the primitive cubic phase and precursor HfH y phase. The primitive cubic phase and HfH y were remained after DSC measurement and they did not seem to react during DSC measurement. As a result, the body centered cubic phase was found to decompose at 600 K with an endothermic reaction. The primitive cubic phase was observed for the sample after the DSC, and stable up to 723 K. In this study, novel hydrides were successfully synthesized in Li-Zr and Li-Hf systems. Unfortunately, a novel hydride in Li-Ti system was not synthesized. This author group and another group have reported to synthesize many novel hydrides in Mg-TM group systems (TM ¼ Ti, Zr, Hf). 16, 17) Li and Mg have a relation, called diagonal relationship and their chemical property is similar to each other. This suggests that the results in Mg-TM systems could not be ignored. Table 2 shows novel hydrides in Li-TM systems synthesized in this study and the hydrides in Mg-TM systems previously reported. Synthesis pressures of the hydride in these systems were also shown in Table 2 . For Mg-TM systems, it is found that upper element in the periodic table is required higher pressure to obtain the novel hydride. In this study, three novel hydrides could be obtained, one in Li-Zr system, and the others in Li-Hf system, although the novel hydrides with a primitive cubic obtained in Li-Zr and Li-Hf systems were : Li : Hf 
Conclusion
Phase presents and thermal stabilities of novel compounds in the Li-TM systems (TM ¼ Ti, Zr, Hf) synthesized by using high pressure up to 5 GPa were studied. For the Li-Zr system, new compound was synthesized under the pressure of 5 GPa at 973 K for 2 h, and structurally characterized by X-ray diffractions as a primitive cubic structure with a ¼ 0:42188ð3Þ nm. The novel compound was thermally stable up to 723 K under Ar flow. For the Li-Hf system, two novel compounds were obtained under 5 GPa at 973 K for 2 h. The compounds have a primitive cubic structure with a ¼ 0:4209ð2Þ nm and a body centered cubic structure with a ¼ 1:08369ð4Þ nm, respectively where the latter has an Ag 8 Ca 3 -type structure. The primitive cubic compound was thermally stable up to 723 K, on the other hand, the body centered cubic compound decomposed at 600 K with endothermic reaction.
